Variations in sea surface temperature (SST), δ 18 O of sea water (δ 18 Ow) and salinity were reconstructed for the past 68 ka using a sediment core (AAS9/21) from the Eastern Arabian Sea (EAS) in order to understand the changes in evaporation and precipitation associated with the monsoon system.
Introduction
The southwest (SW) monsoon emanate from the temperature and pressure gradients that occur between the Indian Ocean and Tibet Plateau during the summer. The upper ocean heat supplies the necessary evaporation and atmospheric moisture transport during this phenomenon. Consequently, a strong link exists between ocean dynamics and the atmospheric heat and moisture transfer behind the monsoon [Shukla and Mooley, 1987; Rao and Goswami, 1988; Webster et al., 1998 ]. Indeed, there is a strong coupling between the water (evaporationprecipitation) and heat budgets of the Arabian Sea and the intensity of the SW monsoon. The socio-economic and agriculture development of southeast Asia depend on the monsoon precipitation from June through September, which contributes about 70 to 90% of the annual precipitation in the region. Therefore, an understanding of the monsoon system beyond historical records is desired.
For the last two decades, reconstructions of monsoon variability on glacial, interglacial and millennial time scales have been carried out using sediment cores from the western Arabian Sea (WAS). Most of these are based on indices for upwelling [Prell, 1984; Anderson and Prell, 1993; Sirocko et al., 1993; Naidu and Malmgren, 1995; Overpeck et al., 1996; Altabet et al., 2002; Gupta et al., 2003; Naidu, 2004] . However, such monsoon reconstructions effectively represent the SW monsoon wind strength rather than precipitation [Sarkar et al., 2000] . Rather, precipitation depends on the moisture transport from the southern Indian Ocean [Webster et al., 1998; Ramesh kumar and Schlussel, 1998 ].
Although the eastern Arabian Sea (EAS) receives more precipitation than the WAS during the SW monsoon [Ramesh Kumar and Prasad, 1977] , only limited studies have assessed monsoon variability in the EAS [Sarkar et al., 1989; Reichart et al., 1998 , Schulz et al., 1998 , Sarkar et al., 2000 Chodankar et al., 2005; Tiwari et al., 2005a] . A few researchers have used organic carbon in sediment as a proxy for past monsoon strength and associated oxygen minimum zone variability [Reichart et al., 1998 , Schulz et al., 1998 ]. Others have used the oxygen isotope ratios of planktic foraminifera tests [Sarkar et al., 2000; Thamban et al., 2001; Chodankar et al., 2005; Tiwari et al., 2005a] . However, the oxygen isotope ratios of planktic foraminifera are controlled by several factors including global variation of δ
18
Ow due to growth and decay of continental ice sheets and by local sea surface temperature (SST) and sea surface salinity, the latter linked to the local evaporation-precipitation balance.
Hence, without accounting contributions of continental ice volume, local SST and sea surface salinity, the δ 18 O values of planktic foraminifer tests in terms of precipitation variability remain uncertain. Attempts have been made to extract the SST component of planktic foraminifer δ 18 O from cores in the EAS using alkenone unsaturation ratios [Rostek et al., 1993 [Rostek et al., , 1997 . However, seasonal abundances of planktic foraminifera and alkenone producing coccoliths may differ, such that SST and δ
Ow reconstructions need to be confirmed by other methods.
Paired measurements of Mg/Ca and δ 18 O in selected planktic foraminifera species can be used to reconstruct SST and δ 18 Ow in the Arabian Sea [Dahl and Oppo, 2006; Saher et al., 2007; Anand et al., 2008] [Sarkar et al., 2000] . Here, we use this approach to address the evaporation-precipitation budget and monsoon variability from a sediment core from the EAS (Figure 1 ) covering a time span of last 68 ka.
Regional Oceanography
Seasonal reversals of SW and NE monsoon winds over the Arabian Sea affect surface circulation, productivity, biogenic and lithogenic fluxes, CO 2 uptake and the heat budget in the region. In response to strong SW monsoon winds during June through September, intense upwelling occurs off the coasts of Somali and Oman due to wind-induced offshore Ekman transport [Wyrtki, 1973] . During this season, upwelling of cool waters leads to enhanced heat loss in the WAS, which is characterized by a ~4°C SST gradient from the west to the east [Levitus and Boyer, 1994] (Figure 2a ).
Most of the SW monsoon precipitation on the Western Ghats drains into the Arabian Sea through numerous rivers and streams contributing to the local formation of low salinity waters with a gradient from near shore to offshore ( Figure 2b ). As a consequence of SW monsoon precipitation and associated river run low δ 18 Ow values near to the shore and higher δ
18
Ow values in the offshore were noticed in the EAS (Figure 2c ) [Joint Global Ocean Flux Study data set in Dahl and Oppo, 2006] . In contrast, during NE monsoon about 6 Sv of low saline waters of Bay of Bengal flows into the EAS [Shankar et al., 2002] , which decreases salinity in the EAS [Wyrtki, 1973: Levitus and Boyer, 1994] . Both box model and numerical circulations models demonstrate that low δ 18 O-salinity slope (0.26) in the Arabian Sea is due to evaporation-minus-precipitation balance [Delaygue et al., 2001] . Therefore, the general pattern of evaporation and precipitation in the EAS is influenced by heavy precipitation during SW monsoon and cooling during NE monsoon [Hasternath and Lamb, 1979] .
Material and Methods

Core and chronology
Sediment core AAS9/21 was collected at 1807m water depth in the EAS (14° 30.539' N, 72° 39.118'E) ( Figure 1) [Weninger et al., 2006] . Before calibration, radiocarbon dates were corrected for a reservoir effect (400 years) based on observations for the Indian Ocean [Southon et al., 2002] . Sedimentation rate varies from 4.6 to 13.6 cm/kyr at this core location (Figure 3 ). Mn were also routinely measured simultaneously to monitor the effectiveness of the cleaning protocol. The analytical error for Mg/Ca was better than 0.7%. 40 sample solutions were measured in replicate on different days and found that repeatability for Mg/Ca was +0.1mmol/mol (1σ).
Mg/Ca analyses and estimation of temperature
SST was estimated using a relationship obtained from core-tops from the North Atlantic [Dekens et al., 2002] : Mg/Ca = 0.38exp(0.09 (SST)), where Mg/Ca is in mmol/mol and SST is in °C. This calibration equation was selected because derived temperatures of the core tops were close to modern values at the core location, which is within error estimate of +0.3°C.
Oxygen isotope analyses
For the δ 18 O analyses, new splits of cleaned G. ruber specimens (250 to 350µm size range) were analysed using a Finnigan MAT 252 mass spectrometer equipped with an automatic carbonate preparation device at the Universität Bremen, Germany. The mean external error and reproducibility (1σ) 
Results
Oxygen isotopes
The δ 18 Oc values range from -2.3 to 0.2‰ over last 68 ka at the study site ( Figure 4a ). During MIS4, compares fairly well with that at MD900963 [Rostek et al., 1993] .
Sea surface temperature
SST, based on Mg/Ca, decreased gradually from MIS4 to MIS2 (Figure 5a ). During MIS4, SST ranges from 26.6 to 28.1 0 C, reflecting a variation of 1.5 0 C. SST varied from 25.2 to 27.1 0 C during MIS 3, revealing that MIS4 was warmer than MIS3. During MIS2, SST varied from 27.3 to 24.5 0 C with two brief warmings at ~20 and ~17 ka. SST varied from 27 to 29 0 C at this core location during MIS1.
SST variations of AAS9/21 can be compared with other published SST records at ODP Site 723 and Core NIOP929 from the WAS, and Core SK17 from the EAS ( Figure 5 ). Two brief warm excursions (ASW1 and ASW2) have been documented during MIS2 in these other records, indicating that these were regional features in the Arabian Sea. ODP Site 723, NIOP 929 and SK17 are located below regions of upwelling, so they generally record lower SST than AAS9/21 for the last 20 ka.
Oxygen isotope ratios of surface waters (δ 18 Ow)
During MIS4, δ 18 Ow values range from 0.9 to 1.4‰, whereas during MIS3 they vary from 0.3 to 1.0‰.
Strikingly, the δ 18 Ow values are higher during MIS4 as compared to MIS2 (Figure 6a ). Within MIS 2, the δ 18 Ow record shows significant fluctuations of about 1‰ around 20 ka and 17 ka, which coincides with the timing of the warm events reported for the WAS [Saher et al., 2007] . Between 20 and 17 ka, the highest δ 18 Ow values were documented, and these are as high as modern values. During MIS 1, δ 18 Ow varies from 1.08‰ to 0.2‰ ( Figure   6a ). Similarly, another core, SK17 from the EAS, also shows significant δ 18 Ow fluctuations during MIS 2 ( Figure   6b ), which may coincide with ASW1 and ASW2. Although there are considerable differences in the sample resolution between AAS19/21 and SK17, the trends and fluctuations of δ 18 Ow are comparable in these two cores over the last 30 ka.
Sea surface salinity
Sea surface salinity at the core location is varied by 2.1 psu over the last 68 ka (Figure 6a ). Highest salinity (>36.8 psu) occurred during MIS4 and lowest salinity (<37 psu) occurred during MIS3 and MIS1.
Minimum and maximum fluctuations of salinity were noticed during MIS3 and MIS4, respectively (Figure 6a ).
During MIS1, salinity values decreased from 10 to 3 ka, and increased from 3 ka onwards.
Discussion
Salinity Contrast Between Marine Isotope Stages 4 and 2
Our records from Core AAS9/21 indicate higher SSTs, enriched δ 18 Ow and greater salinity during MIS4
(59-67 ka) compared to during MIS2 (Figures 4-6 ). Variations in δ 18 Ow and salinity in this region are strongly coupled to one another, to the balance of evaporation and precipitation (E-P) [Cadet and Reverdin, 1981] , and to the flow of Bay of Bengal water [Levitus and Boyer, 1994] . The observed contrast between the δ 18 Ow of MIS4 and of MIS2, therefore, might be caused due to increased evaporation and/or decreased precipitation during MIS4 relative to MIS2, and/or greater flow of low salinity Bay of Bengal water during MIS2.
The strength of the SW monsoon appears to have been weaker during MIS2 than during MIS4 [Anderson and Prell, 1993] , Consequently, evaporation was probably higher during MIS2 [Rostek et al., 1993] , such that a reduced E-P budget during MIS4 compared to MIS2 seems unlikely. In view of this, we favor a change in the flow of Bay of Bengal water to explain the salinity contrast. During the NE monsoon, about 6 Sv of Bay of
Bengal water enter the EAS [Shankar et al., 2002] , with much of this flow confined to the western continental margin of India where the core is located. Strong NE monsoon winds during MIS2 [Duplessy et al., 1982; Sarkar et al., 1989] would have increased the flow of less saline Bay of Bengal water into the EAS whereas relatively weak NE monsoon winds during MIS4 would result in the opposite. By contrast, records from Core MD900963 suggest higher sea surface salinity during MIS2 than during MIS4 [Rostek et al., 1993] . This difference may reflect the proximity of core locations to the low salinity water mass of the Bay of Bengal. Specifically, Core MD900963 is located further south from the path of low saline water.
Marine Isotope Stage 3
The transition from MIS4 to MIS3 shows a clear shift from high to low δ 18 Ow values ( Figure 6 ). We take this as representing a reduced E-P budget in the EAS, which may be due to a stronger SW monsoon during MIS3.
Monsoon variability records, based on upwelling indices from the WAS [Anderson and Prell, 1993] or on productivity records from the Pakistan Continental Margin [Schulz et al., 1998 ], also support a more intense SW monsoon during MIS3 compared to MIS4. This would have led to more precipitation and less evaporation during MIS3. In fact, at times, δ 18 Ow values during MIS3 are similar to modern values, which may indicate that SW monsoon precipitation during MIS3 was as strong as at present-day.
Strikingly, SST values were lower during MIS3 than during MIS4 (Fig. 5a ). The same result was inferred from analyses of Core MD900963 [Rostek et al., 1993] , suggesting that a broad area of the EAS was cooler during MIS3 than during MIS4. However, the increase in δ 18 Ow values between 32.5 to 24.5 ka (Figure 6a ) could be due to less precipitation caused by a weak SW monsoon.
Marine Isotope Stage 2
A 3 0 C SST variation occurred during MIS2 with a minimum value of 24.5 0 C during the last glacial maximum (LGM) and a maximum value of 27.5 0 C at the boundary between MIS2 and MIS1 ( Figure 5 ). The EAS was therefore 4 0 C cooler during the LGM than during most of the Holocene (Figure 5a ). Such cooling during the
LGM is much greater than that inferred previously from some SST records generated using foraminifera assemblages (1-2 0 C) [CLIMAP, 1981; Naidu and Malmgren, 2005] , or alkenones (2 0 C) [Rostek et al., 1993; 1997; Emeis et al., 1995; Banakar et al., 2005] . It is argued here that the deviation reflects location, specifically that earlier records come from regions of upwelling, where variability during the SW monsoon impacts SST. For example, both Core SK17 and Core AAS9/21 are located in the EAS. However, Core SK17 is located below the modern upwelling cell produced during the SW monsoon, whereas Core AAS9/21 is located further offshore where upwelling does not occur during any season. Consequently, SSTs should increase more over last 30 ka in Core AAS9/21; that is, this core should provide a better regional SST shift between the LGM and the Holocene in the Arabian Sea. We also note that alkenone based SST records from the EAS [e.g., Rostek et al., 1997; Banakar et al., 2005] underestimate the SST shift between the LGM and the Holocene due to the seasonality of alkenoneproducing coccoliths, and the lateral transport of alkenone bearing fine-grained material from upwelling regions [Saher et al., 2009] . Importantly, the 4 0 C difference between the LGM and present-day (Fig 4) does agree with results from some work in the EAS [Dahl and Oppo, 2006; Anand et al., 2008] .
Various studies have demonstrated that the SW monsoon was weaker during the LGM than present-day [Prell, 1984; Naidu and Malmgren, 1995; Overpeck et al., 1996; Naidu, 1998 and references therein] . On the other hand, the NE monsoon may have been stronger during the LGM [Duplessy, 1982] . The flow of low saline
Bay of Bengal water into the Arabian Sea depends on the strength of winter circulation [Shankar et al., 2002] . It has been found that this flow was higher during the LGM [Sarkar et al., 1989] , and that the NE monsoon was strengthened during early deglaciation around 18 ka [Tiwari et al., 2005b] [Dahl and Oppo, 2006] . The δ 18 Ow values of the LGM in the present studied core and in Core SK17 from the EAS [Anand et al., 2008] also do not show significant differences with those of core tops.
Abrupt warm events within MIS2
During MIS2, two excursions to warmer SSTs occurred around 20 ka and 17 ka (Figure 5a ). Similar warmings were identified in Core NIOP929 from the WAS, although there is an apparent +0.5 ka time difference between the records. These were termed Arabian Sea Warm Event 2 (ASW2) at 19 ka and Arabian Sea Warm Event 1 (ASW1) at 17 ka [Saher et al., 2007] . Warm events seemingly corresponding to ASW2 and ASW1 were also found in SST records from ODP Site 723 and Core SK17 (Figures 5 b, d ), suggesting that these are changes in regional conditions. [2007] have proposed three alternative mechanisms to explain the warm events in the Arabian Sea: (1) a reduction in upwelling intensity; (2) strong influence of NE monsoon, and (3) an increase in the influx of warm water into the Arabian Sea. The third mechanism might result from a merging of the Northeast Madagaskar Current (NEMC) and the East African Coast Current (EACC) due to increased trade wind intensity.
Saher et al
That these events occurred in both the WAS and EAS (present study), the latter where significant upwelling does not occur and the influence of NEMC and EACC is at minimum, may indicate a link to changes in the NE monsoon. The intensity of the NE monsoon during glacial periods exerts a larger influence on Arabian Sea SSTs than during interglacial periods [Duplessy, 1982; Fontugne and Dupless,y 1986; Prell and Vancampo, 1986] .
Accordingly, variation in NE monsoon intensity during glacials would cause greater amplitude SST fluctuations as compared to present condition in both WAS and EAS. However, the effect of NE monsoon winds must be more intense in the EAS and Bay of Bengal as compared to WAS [Montegut et al., 2007] . Therefore, high magnitude fluctuations of δ 18 Ow at this core site strongly suggest that the intensity of the NE monsoon and associated flow of Bay of Bengal waters into the EAS have varied largely due to stronger monsoon winds during MIS2 [Duplessy, 1982, Prell and Vancampo, 1986; Sarkar et al., 1989] . Thus, a reduction of cold NE monsoon winds would have caused the two warm events (ASW1 and ASW2) in the Arabian Sea.
Marine Isotope Stage 1
During MIS1, about 2 0 C of SST variation is documented at the core location (Figure 5a ) but there is no long term cooling during late Holocene. This contrasts somewhat with the 0.5 0 C change SST estimates during MIS1 based on alkenones from the EAS [Rostek et al., 1993] , and a late Holocene cooling at ODP Site 723 [Naidu and Malmgren, 2005] . Assuming no major temperature changes during MIS1, δ
18
Oc variations during MIS1 in the EAS have been interpreted as representing changes in the intensity of SW monsoon [Sarkar et al., 2000; Thamban et al., 2001; Tiwari et al., 2005a] . A 2°C change in SST accounts a 0.5‰ change in δ 18 O, which is significant, hence observed SST variability challenges the assumption. The lack of cooling during the late Holocene, in the present core and in Core SK17 [Anand et al., 2008] , may suggest that the late Holocene cooling trend is restricted to the WAS [Naidu and Malmgren, 2005] . It may reflect increased upwelling in the WAS during Late Holocene.
In the MIS1, from 10.5 to 3 ka is marked by gradual decreasing trend of δ 18 Ow and salinity values, which represent the increasing strength of SW monsoon during this period. From ~3.5 ka onwards enriched δ 18 Ow and high salinity values are noticed (Figure 6a ), which suggests that descending phase of SW monsoon initiated around this time. This increase in salinity and δ 18 Ow is attributable to the onset of weak phase of SW monsoon around 3.5 ka due to arid climatic conditions in the Indian subcontinent. SW monsoon variability derived by δ 18 Ow changes in the present study from the EAS is in consistent with the SW monsoon variability derived from upwelling indices from the western Arabian Sea [Overpeck et al., 1996; Naidu and Malmgren, 1996] and δ 18 O records of speleotherms from Oman [Neff et al., 2001 ] and δ 18 Ow reconstructions from the Andaman Sea [Rashid et al., 2007] during the Holocene. However, the magnitude of fluctuations among these proxies such as upwelling indices, δ 18 O of speleotherms and δ 18 Ow differ significantly is attributable to spatial pattern of monsoon rainfall variability in the monsoon influenced regions.
Conclusions
We have reconstructed the SST and δ 18 Ow from the EAS for the last 68 ka in order to understand evaporation and precipitation changes associated with SW and NE monsoons. (Levitus and Boyer, 1994) , b) sea surface salinity during SW monsoon (Joint Global Ocean Flux data, Dahl and Oppo, 2006) and c) δ 18 Ow of sea water during SW monsoon (Joint Global Ocean Flux data, Dahl and Oppo, 2006) . Sea surface salinity and δ 18 Ow show lower values near to the coast as compared to offshore mainly due to SW monsoon rainfall on the Western Ghats drains into the Arabian Sea through numerous rivers and streams resulting salinity gradient from near shore to offshore. Note the dots represent data points based on which contours were drawn. (Naidu and Malmgren, 1995) NIOP 929 (Saher et al., 2007) NIOP 905 and SK17 (Anand et al., 2008) MD900963 (Rostek et al., 1993) . isotope profile of G. ruber (δ 18 Oc) for core MD900963 (Rostek et al., 1993) . Shaded and un-shaded stages represent glacial and interglacial Marine Isotope Stages (MIS) respectively. (Naidu and Malmgren, 2005) , (c) NIOP929 (Saher et al., 2007) , (d) SK17 (Anand et al., 2008) . Two warm events Arabian Sea Warm Event 1 (ASW1) and Arabian Sea Warm Event 2 (ASW2) were documented during MIS 2. Note ASW 1 event in AAS19/21 and SK17 was a part of deglaciation warming in the EAS. Shaded and un-shaded stages represent glacial and interglacial Marine Isotope Stages (MIS) respectively. (Anand et al., 2008) . Enriched δ 18 Ow values during ASW1 and ASW2 represent less flow of Bay of Bengal water due to weak NE monsoon strength. Note the exact time of starting and ending of ASW1 and ASW2 in these two cores occurs with +500 years difference.
